Objective: Ruptured abdominal aortic aneurysms (rAAAs) are associated with high mortality and morbidity. Several prognostic scoring systems are available for prediction of outcome, but scarcity of external validation and evaluation of predictive value has hampered widespread implementation. The aim of this study was to examine the discriminatory value of four scores in a consecutive Norwegian cohort.
Ruptured abdominal aortic aneurysms (rAAAs) cause thousands of deaths every year in developed countries like the United States and the United Kingdom and have been demonstrated to be a major global health burden.
1,2 Across health service systems, rAAA remains a challenging and costly clinical entity with an alarmingly high mortality. Some studies report very low mortality (23%) in patients with rAAA suitable for endovascular aneurysm repair (rEVAR), but in population-based studies that account for patients operated on and not operated on, the total mortality is invariably much higher (usually >70%). [3] [4] [5] Patient selection bias is likely to play a part in reported differences in survival.
Notably, selecting the appropriate candidates for operative management to avoid futile care is a major clinical challenge for clinicians managing patients with rAAA. Consequently, several prognostic scoring systems based on preoperatively available parameters have been developed with the intention to aid in the decision-making when a patient with rAAA is being assessed. [6] [7] [8] [9] A reliable and reproducible scoring system would be ideal, not only as a guide to which patients would benefit from an operation but also as a benchmark test in the reporting of results after treatment of rAAA. However, it remains questionable if the available scores are valid and reproducible outside the institutions where they were developed and if the discriminating value is good enough to decide whether to operate on a patient with rAAA. Thus, the aim of this study was to evaluate the discriminatory value of the four most frequently reported prognostic risk scores in a consecutive series of patients operated on for rAAA.
METHODS
The study was approved by the Regional Committee for Medical and Health Research Ethics North (REK Nord 2011/918). Because of the retrospective and observational design, it was exempt from formal requirement regarding informed consent of the included patients.
Study population. Stavanger University Hospital (SUH) is the only hospital in the southern part of Rogaland County, Norway, that treats rAAA. SUH has a primary catchment population of about 360,000 but receives referrals from hospitals in a larger area, thus covering acute vascular surgical services for a population up to 500,000. The epidemiology of rAAA in this region has been reported earlier. 5 In this study, we included all patients operated on for rAAA during the period from January 2000 to December 2014. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines have been consulted and addressed to the best of our abilities.
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Definitions and inclusion criteria. All patients having an open operation for a primary ruptured juxtarenal or infrarenal aortic aneurysm were included in the study. Data were also collected on patients diagnosed with rAAA but not having surgery. The definition of rAAA was based on a periaortic hematoma on operation. In patients not having surgery, the diagnosis was based on extravasation of blood on computed tomography or autopsy findings. Patients with a known abdominal aortic aneurysm and abdominal pain or shock but no operation, computed tomography, or autopsy were also regarded as having an rAAA. The aneurysms were further classified as aortic or aortoiliac. Secondary aneurysms (anastomotic aneurysms after previous repair for abdominal aortic aneurysm or atherosclerosis) and iliac aneurysms without any aortic component were excluded.
Scoring systems. The Hardman Index (HI), the Vancouver Score (VS), the updated Glasgow Aneurysm Score (GAS), and the Edinburgh Ruptured Aneurysm Score (ERAS) are calculated from a set of preoperative variables and were evaluated for rAAA outcome prediction in the current study.
The HI, published in 1996, is the sum of the presence of five factors: age >76 years, creatinine level >190 mmol/L, loss of consciousness after arrival to the hospital, hemoglobin level <9 g/dL, and electrocardiographic ischemia (>1 mm ST-segment depression or an associated T-wave change). 6 Mortality was found to increase with increasing number of factors present: 16% (no factors), 37% (one factor), 72% (two factors), and 100% (three or more factors). The VS (1996) calculates mortality risk in rAAA with the following regression formula:
The GAS was published in 1994, but some of the variables were poorly defined; the updated version (2009) is the only one that discriminates between open operation and rEVAR. 8, 11 Mortality risk is calculated from a regression formula based on the sum of þ7 for open surgery þ age in years þ 17 for shock þ 7 for myocardial disease þ 10 for cerebrovascular disease þ 14 for renal insufficiency. Shock was defined as a systolic blood pressure <80 mm Hg, renal insufficiency as creatinine concentration >160 mmol/L.
The ERAS (2007) is the sum of the presence of hemoglobin level <9 g/dL, systolic blood pressure <90 mm Hg, and Glasgow Coma Scale (GCS) score <15. 9 Mortality was found to be 29% for one or no factors, 50% for two factors, and 80% for three factors. Receiver operating characteristic (ROC) curve analysis was used to assess the accuracy of the individual scores using the area under the curve (AUC) with 95% CI. ROC curve analysis was used to define optimal cutoff points for continuous variables in the current data set. ROC curve analysis compared the performance of each given score in discriminating between survivors and nonsurvivors. All statistical tests are two tailed, and statistical significance was set for P values < .050.
RESULTS
Patient characteristics. During the 15-year study period, a total of 232 patients were admitted alive and diagnosed with a ruptured infrarenal or juxtarenal abdominal aneurysm; 21 of the patients were transferred from outside the hospital's primary catchment area. Patients with secondary aneurysms (n ¼ 7) were excluded from the analyses. Of the remaining 225 patients, 47 did not have an operation (Fig 1) . Only one patient had rEVAR Patients not offered surgery. Altogether, 35 of the assessed patients were not offered surgery; 18 patients were agonal when diagnosed, including 7 patients who were admitted with ongoing cardiopulmonary resuscitation. Another 17 patients were deemed unfit for operation for a variety of reasons, the main reason as stated in the notes being very high age (n ¼ 2), presence of metastatic cancer (n ¼ 2), presence of nonreversible renal failure (n ¼ 2), presence of hemiparesis and aphasia (n ¼ 1), presence of dementia (n ¼ 3), aortic valve stenosis or coronary heart disease (n ¼ 6), and debilitating chronic obstructive pulmonary disease (n ¼ 1).
The intention was to score the patients not offered surgery. However, substantial data needed for scoring was not available, especially laboratory values in agonal patients. The four scores could not be calculated in 13 of 35 patients. In patients considered unfit for operation, the predicted mortality was >80% in less than half of the patients who could be scored, but with great variability between the scores.
Mortality. The 30-day mortality in patients operated on was 46.3% (82 of 177 patients). The characteristics of survivors and nonsurvivors are outlined in Table I . The variables included in Table I are the constituents of the different scoring systems; there is a significant difference between survivors and nonsurvivors for the variables age, cardiac arrest, and hemoglobin level. The HI, GAS, and ERAS categorize most of the continuous variables (eg, age >76 years, creatinine concentration >160 mmol/L, or systolic blood pressure <80 mm Hg). The cutoff values differ between the scoring systems. To find the optimal cutoff values that best suited our population, the continuous variables, such as age, hemoglobin level, systolic blood pressure, and creatinine concentration, were entered in an ROC curve analysis with survival or nonsurvival after operation as the state variable (Table II) .
Univariate risk analysis for mortality. Morphologic factors did not correlate with survival, including extent of aneurysm (aortic vs aortoiliac; OR, 1.17; 95% CI, 0.52-2.63; P ¼ .74) and size of aneurysm (median, 75 mm in both groups; OR, 0.99; 95% CI, 0.98-1.01; P ¼ .50). In univariate analysis of all the other categorical and categorized variables (Table III) , only age >74 years, having a cardiac arrest, hemoglobin level #10.8 g/dL, and systolic blood pressure #105 mm Hg were found to be significantly correlated with nonsurvival.
Multivariable analysis, adjusted risk analysis. All of the variables listed in Table III , except electrocardiographic ischemia, were entered into a binary logistic regression model (Table IV) . Electrocardiographic ischemia was excluded from analysis as data were missing in 41 of 177 (23%) patients. The full model was found to be statistically significant (c 2 at 9 df [n ¼ 173] ¼ 38.68; P < .001),
indicating that it can distinguish survivors from nonsurvivors. Age and hemoglobin level are the two independent variables that made a unique significant contribution to the model.
Comparison of predictive ability. In ROC curve analysis, the HI had an AUC of 0.674 (95% CI, 0.588-0.753); the VS, 0.684 (95% CI, 0.610-0.752); the GAS, 0.680 (95% CI, 0.605-0.749); and the ERAS, 0.586 (95% CI, 0.509-0.660). The predicted probabilities from the binary logistic regression (Table IV) had an AUC of 0.767 (95% CI, 0.69-0.83). In a pairwise comparison (Fig 2) of the curves, the HI was excluded because of the high number of missing data (41 missing electrocardiograms); but in an analysis of age, preoperative cardiac arrest, heart or cerebrovascular disease, systolic blood pressure, hemoglobin level, creatinine concentration, and GCS score in patients with or without missing electrocardiograms, there were no significant differences between the groups.
VS had a significantly better predictive ability than ERAS (P ¼ .022), but no differences were found between the other scores. The expected vs observed death rates for the different scoring systems are shown in Table V .
DISCUSSION
This study on the predictive ability of the four most frequently used prognostic scores found a poor prediction accuracy for survival in patients with rAAA. We believe this seriously hampers the clinical use of such tools for decision-making in clinical practice. The four scoring systems were found to have a discriminatory value (AUC) ranging from 0.586 (ERAS) to 0.684 (VS). Of all the previous original papers on score models, only GAS reports an AUC value (AUC of 0.70). 8 A few other studies have attempted external validation of the scoring systems; the AUCs reported are somewhat higher than in our study (AUCs ranging from 0.58 to 0.76), but the results are not consistent. 12, 13 The AUC represents the ability of the test to correctly classify the outcome. An AUC of 1 represents a perfect test with 100% sensitivity and specificity, whereas an AUC of 0.5 is like flipping a coin. It is open to interpretation what is an acceptable or good AUC, but in patients with rAAA, a reliable model would be needed to base clinical decision-making on the score results. In general, a value above 0.80 is considered good (correct score for every 8 of 10 patients), but one would expect AUC > 0.90 for excellent prediction. Notably, the AUC value is based on the optimal cutoff for sensitivity and specificity; one could arguably choose a different sensitivity or specificity level that would reduce the risk for excluding patients from having potential lifesaving surgery, yet this would lead to a higher mortality, as sensitivity would decrease. Conversely, a strict score would reduce mortality (after surgery) but would refuse some (potential survivors) from having lifesaving surgery.
Although it is a potentially more objective approach to decision-making than clinical acumen alone, the suboptimal performance for selection of patients is the clinical conundrum that makes the current available scores difficult to use in real life. Although the AUC values differed between the scoring systems, the only statistically significant difference was between VS and ERAS. The AUC of the HI was comparable to that of the other scores but had a substantial number of missing electrocardiograms and was not entered into the pairwise comparison as inclusion of this variable into the model would seriously have reduced the cases available for analysis. As noted by others, the high number of missing data reduces the utility of the score, but no systematic differences were found in comparing survivors or nonsurvivors with or without electrocardiograms. 12 The most likely explanation for why the electrocardiogram is missing is that it is not prioritized in the workup of a patient with rAAA. Survival in rAAA is unquestionably multifactorial, and apart from the patient's physiologic status, several other factors may play a part, including patient and prehospital services delay, proportion of patients refusing or being refused surgery, time from admittance to surgery, open operation vs rEVAR, hospital/surgeon volume load, and anesthesiology service. [14] [15] [16] A score developed locally will by its design implicitly adjust for these factors. Thus, the generalizability of the available scores is questionable. All but the GAS are derived from single institutions; not one single variable is a constituent of all the scores, and the scores are based on a limited number of patients (HI, 136 patients; VS, 157 patients; GAS, 201 patients; and ERAS, 105 patients). It is largely unknown how the scores perform in endovascular repair. GAS is the only score that distinguishes between open and endovascular operation. One smaller study reported the AUC of GAS in rEVAR (20 patients; AUC, 0.975).
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Even though the scores on average have poor discriminatory value, it is of interest to examine whether they more reliably predict nonsurvival in the patients most unlikely to survive. In our material, three of the scores overestimated deaths in patients with an expected death rate of 80% or more. The overestimation was most apparent for the HI, whereby only 5 of 10 patients with an expected mortality of 100% died. GAS did not overestimate deaths; all patients with an expected mortality rate of >80% died, but this group consisted of two patients only.
Essential data were missing in a large proportion of patients not operated on. Three of the scores rely on laboratory values, which seriously limits the utilization of these scores in the unstable patients, and expected survival may at best be calculated after the decision to operate or not has been made. Comparison of the scores for these groups would thus be hampered by the skewed and small sample size.
In the patients unfit for operation, the four scores' estimates (data not shown) had a predicted mortality of >80% in less than half of the patients deemed unfit. It is not possible to judge whether we excluded patients who were likely to survive or the scores overestimated survival in this group. In the very old or demented patient in particular, ethical considerations must equally play a part in the overall decision-making. All the scores are based on first running univariate analyses on a number of variables. A prediction model is computed from the variables that were found to be significant. Understandably, variables overlap between scores, but only age and a representation of GCS (comatose or GCS score <15) are constituents of three scores. In our material, only two factors contributed significantly to the multivariable model: age >74 years and a hemoglobin level #10.8 g/dL. With increasing age, more comorbidities and a reduction of physiologic capacity are expected. Low hemoglobin concentration is probably a surrogate for shock like other factors, such as systolic blood pressure, cardiac arrest, and reduced GCS score, but we did not find that these factors contributed to the model. As is known from trauma, it is consistently difficult to diagnose shock and maybe more so in the elderly. 18, 19 Cardiac arrest was found to have a high OR for death but is not a significant predictor, probably because of the low number of patients observed (seven in the group of patients who died, one in the survivor group).
Other studies have included scores with perioperative factors (eg, use of suprarenal aortic clamping) or tested intensive care unit scores in patients who survived to the intensive care unit. 20, 21 Invariably, the predictive values of these tests are higher, but they are of no use in assessing a patient in the emergency department.
Other preoperative scoring systems were assessed for this study but were not included as they were not designed for rAAA (such as the Physiological and Operative Severity Score for the Enumeration of Mortality and Morbidity [POSSUM]/Vascular POSSUM scores) or the design made it unsuitable for validation (eg, use of neural network technology).
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A short aortic neck length has been linked to increased mortality, but to date it has not been introduced as a variable in a score. 24 One may theorize that inclusion of anatomic variables like the length of the aortic neck in the scores has the potential of improving accuracy. Such variables will probably become more important as rEVAR rates pick up. The major weakness of this study is that it is based entirely on open operations. During the time of the study, only one patient was treated by rEVAR. Endovascular repair has been the treatment of choice in elective repair at SUH since 2006, but it is still performed in an angiography suite placed in a distant location from the operating rooms, thus limiting or preventing a combined/hybrid approach in an emergency setting.
CONCLUSIONS
The established prognostic scoring systems demonstrated a poor discriminatory value for patients at our institution, both in general and in particular for the patients at highest risk. Based on the limited predictive ability of the original reports of these scoring systems with AUCs that never exceeded 0.70, observations confirmed by our experience, significant caution is advised in the practical use of such scoring systems for decision-making in actual care of patients. 
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